lesterol (7-DHC) to cholesterol in the cholesterol biosynthesis pathway [Tint et al., 1994] . Impaired function of the enzyme results in increased level of 7-DHC and decreased cholesterol level in plasma and tissues. Elevated concentration of 7-DHC biochemically confirms the diagnosis of SLO syndrome [Irons et al., 1993] . Cholesterol is an important component of the lipid rafts of cell membranes, it is the constituent of myelin, the precursor molecule of bile acids, steroid hormones and neurosteroids and plays an important role in the embryogenesis/morphogenesis as well [Kelley et al., 1996] . In SLO syndrome 7-DHC replaces cholesterol to a great extent in the steroland caveolin-rich membrane regions and disturbs cell signaling [Ren et al., 2011] . Very recently, it has been suggested that the neurological symptoms in SLO syndrome are associated with the oxysterols that are produced out of 7-DHC [Korade et al., 2010] .
The DHCR7 cDNA was cloned in 1998 by 3 different groups [Fitzky et al., 1998; Wassif et al., 1998; Waterham et al., 1998 ]. The human DHCR7 gene localizes to chromosome 11q13 and spans 14,100 bp of genomic DNA [Fitzky et al., 1998 ]. It consists of 9 exons where the start codon is encoded by exon 3. The DHCR7 mRNA is 2,786 bp long with an open reading frame of 1,425 bp. No other disease is known to be associated with mutations of the DHCR7 gene; however, SNPs within or nearby the gene affect vitamin D metabolism [Wang et al., 2010; Berry and Hypponen, 2011] .
SLO syndrome is relatively common in the Caucasian population with an estimated incidence between 1: 20 000 and 1: 40 000 [Tint et al., 1994] and a carrier frequency of 1: 50 to 1: 70 which may be the result of both heterozygote advantage [Porter, 2002] and genetic drift [WitschBaumgartner et al., 2008] .
In the present study we investigated 13 patients from 12 families with clinically and biochemically confirmed SLO syndrome. Molecular genetic diagnosis was performed by standard methodology. In 1 case, where only 1 mutation was found using the standard protocol, we analyzed the promoter and the 3 regions and the DHCR7 mRNA as well. The genetic background of the disease could be identified in 25/26 alleles.
Materials and Methods

Patients
Since 2008 we investigated 13 patients from different parts of Hungary with typical clinical features of SLO syndrome. The diagnosis of SLO syndrome was established by measurement of 7-DHC by UV spectrophotometry and further molecular genetic analysis of the DHCR7 was performed. Clinical information was available in each case and the clinical score was calculated according to Kelley and Hennekam [2000] .
Clinical Features
Patient 1 This infant was born at 37 weeks of gestation by Cesarean section from the first pregnancy of her mother. The pregnancy was complicated by pre-eclampsia and diabetes. Her birth weight was 2,510 g. Observed anomalies were as follows: generalized, mild edema; generalized muscle hypotonia; microcephaly; microphthalmia; short palpebral fissure; cataract on the left side; low-set ears; hypoplastic tongue; gingival hypertrophy; on the right side completely, on the left side incompletely atretic choanae; micrognathia; on each extremity postaxial polydactyly; single transverse palmar crease; assymetric labia majora; missing labia minora; imperforate anus; and sacral pilonidal sinus. She died on the first day of life because of respiratory insufficiency. It is to be noted, that the mother has had 2 pregnancies since the birth of the abovementioned child and both terminated by spontaneous abortion in the 7th and 14th week of pregnancy, respectively.
Patient 2
This infant was born at 39 weeks of gestation by Cesarean section for breech presentation with multiple anomalies from the fifth pregnancy of his mother who had previously had 3 spontaneous abortions and thereafter gave birth to a healthy female infant. Perinatal asphyxia required a resuscitation after birth. Head circumference was 32.5 cm; body length and weight were 46 cm and 2,810 g, respectively. He presented with generalized muscular hypotonia and ambiguous genitalia (micropenis, bifid scrotum, perineoscrotal hypospadias, bilateral cryptorchidism). Cytogenetic investigation revealed a karyotype of 46,XY. Craniofacial abnormalities were microcephaly, small nose with broad, flat nasal bridge, anteverted nares, micrognathia, high-arched palate with cleft of the soft palate, and broad alveolar margins. Among skeletal abnormalities on both hands and on the right foot, postaxial polydactyly and bilateral, incomplete, soft tissue 2nd-3rd-toe syndactyly and a single transverse palmar crease were present. Other anomalies were bilateral cataract, cyst of the corpus pineale, enlarged lateral ventricles, and pyloric stenosis.
Patient 3
This patient is the brother of patient 2 and was born from the sixth pregnancy of his mother at 37 weeks of gestation by Cesarean section for breech presentation. Head circumference was 33.5 cm; body length and weight were 46 cm and 2,700 g, respectively. Available clinical data were less detailed than in the case of the older brother but phenotypically SLO syndrome was soon presumed. He presented with typical craniofacial features like micrognathia; high-arched palate with cleft of the soft palate; small nose with broad, flat nasal bridge; anteverted nares; with ambiguous genitalia (hypertrophic clitoris or micropenis, perineoscrotal hypospadias and bilateral cryptorchidism); postaxial polydactyly on the right hand; clinodactyly of the fifth finger on the left hand; bilateral, incomplete soft tissue 2nd-3rd-toe syndactyly; almost complete 4th-5th-toe syndactyly on the left foot and a single transverse palmar crease; vesicoureteral reflux and associated pyelectasis; muscular hypotonia; and adrenal hyperplasia.
Patient 4 This female patient was born at 35 weeks of gestation by Cesarean section from the first pregnancy of her mother. Birth weight and length were 2,000 g and 36 cm, respectively; head circumference was 31 cm. Multiple congenital abnormalities were observed: facial dysmorphia (micrognathia, cleft of the soft palate, to the cleft attached tongue), postaxial polydactyly on the extremities, incomplete 2nd-3rd-and complete 5th-6th-toe syndactyly, vertebral deformation, atrioventricular septal defect, open ductus Botalli, tricuspid insufficiency, and agenesis of the left kidney. The patient died at 12 days of age because of circulatory insufficiency. Resuscitation was unsuccessful. Postmortem examination revealed absence of lung lobulation and hypoplasia, hepatomegaly, bicornuate uterus, and pneumonia.
Patient 5 This female infant was born at 38 weeks of gestation. Her birth weight was 3,090 g. Minor anomalies were observed: bilateral incomplete 2nd-3rd-toe syndactyly; clinodactyly; on the right hand single transverse palmar crease; microcephaly; high-arched palate; bifid uvula; long philtrum; broad, flat nasal bridge; and mild hypertelorism.
Patient 6
This female patient was born at 38 weeks of gestation. Birth weight and length were 2,840 g and 52 cm, respectively; head circumference was 32 cm. Facial abnormalities were low-set ears, midline cleft of the hard palate, postaxial polydactyly on the right hand, bilateral 2nd-3rd-toe syndactyly, club foot on the left side, 11 ribs on the left side, right ventricular hypertrophy, tricuspid valve insufficiency, gastroesophageal reflux, feeding difficulties, dystopic kidney, and brain atrophy. She died at 1.5 years of age most likely because of an adverse reaction due to anesthesia.
Patient 7
This male patient was born from the first pregnancy of his mother at 39 weeks of gestation by Cesarean section because the amniotic fluid was stained with meconium. Anomalies observed were microcephaly, cleft palate, retrognathia, low-set ears, postaxial polydactyly, single transverse palmar crease, incomplete 2nd-3rd-toe syndactyly, micropenis, hypospadias, incomplete dysgenesis of corpus callosum, atrioventricular septal defect, and feeding difficulties.
Patient 8 This infant was born at 42 weeks of the first, uncomplicated gestation of his mother. His birth weight was 3,160 g. Minor anomalies were observed: micrognathia, epicanthal folds, short palpebral fissure, hypertelorism, high-arched palate, gingival hypertrophy, bilateral single transverse palmar crease, 2nd-3rd-toe syndactyly, far apart nipples, bifid scrotum, micropenis, as well as flexible joints and skin. Somatomental development was slow; at 8 months of age he died because of multiorgan failure of septic origin.
Patient 9
This female patient was born at 38 weeks of gestation. Birth weight was 2,710 g. Observed anomalies were: muscle hypotonia, micrognathia, epicanthal folds, broad nasal root, anteverted nares, incomplete 2nd-3rd-toe syndactyly, single transverse palmar crease, bifid uvula, feeding difficulties, and enlarged lateral ventricles.
Patient 10 This male patient was born at 36 weeks of gestation by Cesarean section because of pre-eclampsia. As a prenatal intrauterinal retardation had been diagnosed, amniocentesis was performed for chromosomal examination which revealed normal 46,XY karyotype. Observed abnormalities were as follows: intersex genitalia, hypospadias, hypertelorism, low-set ears, high-arched palate, on the right side postaxial polydactyly, 2nd-3rd-toe syndactyly, patent ductus arteriosus, mildly enlarged right lateral ventricle, and severe Hirschsprung disease.
Patient 11
This patient was born at 38 weeks of gestation, her mother having had 3 spontanous abortions and having given birth to a healthy son before. Birth weight was 2,350 g. Abnormalities were: postaxial polydactyly on all extremities, on the left side single transverse palmar crease, hypertonic extremities, limb shortness (upper arm, thigh), bilateral incomplete 2nd-3rd-toe syndactyly, high-arched palate, short neck, far apart nipples, intersex genitalia (karyotype 46,XY), pyloric stenosis, biliary cirrhosis, and atrioventricular septal defect. Pylorotomy did not solve the feeding difficulty so he needed parenteral nutrition. He died at 3 months of age after several infections.
Patient 12
This male patient was born at 35 weeks of gestation (complicated by diabetes mellitus and hypertension) by Cesarean section because of pre-eclampsia. Birth weight was 1,725 g. Anomalies observed were: inguinal hernia on the left side, bilateral incomplete 2nd-3rd-toe syndactyly, hypospadias, bifid scrotum, and atrial septal defect.
Patient 13
This female patient has got the mildest phenotype of all. Clinical signs are postaxial polydactyly, 2nd-3rd-toe syndactyly, atrial septal defect, mental retardation, scoliosis, strabismus, and hypacusis. She is 18 years old.
She had had an older sister who was born at 38 weeks of gestation in the state of acute asphyxia, her birth weight was 2,500 g. She was successfully resuscitated. Because of minor anomalies (no clinical data, after her mother's statement that as a newborn she looked like her younger sister) and congenital heart disease, Turner syndrome was suspected but chromosome analysis revealed a normal karyotype. Severe cardiovascular anomalies were observed: atrioventricular septal defect, open ductus arteriosus (Botalli), incomplete pulmonary vein transposition, absence of lung lobulation, and gallbladder agenesis. She developed cardiac decompensation, failed to thrive and died at 1 month of age.
Methods
Biochemical Measurements
Serum samples were used for 7-DHC measurement by the modified method of Honda et al. [1997] . Total cholesterol was measured by an enzymatic colometric method.
Analysis of the Coding Region of the DHCR7 Gene DNA isolation from blood leukocytes was performed using QIAgen Blood Mini Kit (Qiagen) and molecular genetic analysis of DHCR7 was performed by amplifying exons 3-9 and the exonflanking intron regions. PCR primers used were as described by Fitzky et al. [1998] except for exon 7 (e7F: 5 -GCT GGG CTC TCG CTA AGT AA-3 , e7R: 5 -GCA GTA GAT TAA GGT CAT GGG AAT-3 ) and exon9a (e9aR: 5 -ATG TAG AAG TAG GGC AGC AGG TGG C-3 ). For DNA sequencing the PCR products were cleaned using ultrafiltration microcolumns (Microcon YM-100, Millipore). Purified PCR products were sequenced using BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies). Removal of unincorporated nucleotides was performed using gel filtration (DyeEx Kit, Qiagen). Capillary electrophoresis was performed on the ABI Prism 310 Genetic Analyzer (Life Technologies). Electropherograms of the sequenced PCR products were compared to the reference sequence of the DHCR7 gene (NG_012655.2).
When the mutations were found in the patient's sample, samples of the parents were analyzed to prove that the detected mutations are found in trans in the patient. In the case of patient 11, only the DNA samples of the parents were available.
Analysis of the Non-Coding Exons and Regulatory
Sequences of the DHCR7 Gene In 1 case (patient 13), where the abovementioned standard protocol was used, only 1 mutation was found in a heterozygote form. Therefore, the putative promoter region [Correa-Cerro and Porter, 2005] and the 3 polyadenylation site were also investigated using the following primers: PM1F (5 -CCT GAC ACC CAT GTG TTT ACC-3 ), PM1R (5 -CCG GAC TCG AGA TTG ACG-3 ), PM2F (5 -AGC TGG GAT CCC GAA GAA G-3 ), PM2R (5 -CAC GCC GCC TAC CCT CTA-3 ), PM3-e1F (5 -GCA ATC GCT GAC ATC ATC C-3 ), PM3-e1R (5 -CCT GTG AGT GGG CAC CTG-3 ), e2F (5 -GAG CTT CTG CCC TCT CCT G-3 ), e2R (5 -TCA ACG CTG TGA AGC CAT AG-3 ), 3UTR1F (5 -CTA CAT GGC CAT CCT GCT G-3 ), 3UTR1R (5 -CCC CAG GGA CAC TGA TTA GA-3 ), 3UTR2F (5 -GTT CCT TGC TTT TGC CTT CA-3 ) and 3UTR2R (5 -GGA GGG GGA TCT AGA GCT GA-3 ).
Sequencing of the DHCR7 mRNA In the same case the DHCR7 mRNA was also sequenced. Total RNA was extracted from EDTA-anticoagulated blood samples using Trizol reagent (Invitrogen) and reverse transcription was carried out using High Capacity cDNA kit (Life Technologies).
DHCR7 cDNA was amplified in 4 overlapping fragments using Pfu polymerase (Agilent Technologies). Following primers were used for the amplification: DHCR7mR1F (5 -TGA CAG AAC CGC ATC TCA A-3 ), DHCR7mR1R (5 -CTC CTA CGT AGC CGG GTA GA-3 ), DHCR7mR2F (5 -TAC CTT GTG GGT CAC CTT CC-3 ), DHCR7mR2R (5 -ATT GGT CAC ATG GCT GTG G-3 ), DHCR7mR3F (5 -GAT CGG GAA GTG GTT TGA CT-3 ), DHCR7mR3R (5 -GCC ACC CGG AAG ATG TAG TA-3 ), DHCR7mR4F (5 -GAC TGT GTC TGG CTG CCT TA-3 ) and DHCR7mR4R (5 -AGG ATG GCC ATG TAG ATG ATG-3 ).
Assessing the Pathogenicity of the Novel Variant For the possible deleterious effect of the p.Tyr125Cys mutation, a SIFT analysis was performed Henikoff, 2001, 2002] . Alignment analysis of DHCR7 proteins were carried out using ClustalW [Larkin et al., 2007] . The presence of the c.374A 1 G (p.Tyr125Cys) mutation in healthy individuals was tested by Sna BI enzyme digestion of PCR-amplified products. Exon 5 of the DHCR7 gene was amplified in a 250-bp PCR product. In homozygous wild-type samples, digestion with Sna BI yielded a 121-bp and a 129-bp restriction fragment while this Sna BI site is lost in the case of the c.374A 1 G mutation.
Results and Discussion
Both cholesterol and 7-DHC levels were measured in the same serum samples of the suspected patients. Extremely elevated serum 7-DHC levels were measured in all patients, ranging from 87 mg/l to 302 mg/l. Table 1 shows a representative measurement in the patients that was performed before any therapy was started (i.e. cholesterol supplementation). Cholesterol levels were generally low, in 8 patients lower than the lower limit of their age-specific reference range. Cholesterol/7-DHC ratio was abnormal in all patients (not shown).
In 12 of the 13 patients, establishing the molecular diagnosis of SLO syndrome was successful. Genotypes of the patients are shown in table 1 . In addition to the known nonsense, missense and splicing mutations, 1 previously unidentified mutation, c.374A 1 G (p.Tyr125Cys) was detected. The pathogenicity of this mutation is supported by the following facts: (1) the affected residue is phylogenetically highly conserved in human, dog, zebrafish, mouse, and rhesus ( fig. 1 a) ; (2) the Grantham difference is 194 and (3) the affected residue does not tolerate the tyrosine to cysteine missense mutation according to the SIFT prediction. In addition, this was the only candidate mutation detected in trans with another known SLOcausing mutation, c.976G 1 T (p.Val326Leu) in the affected patient. The closest amino acid positions that have been a subject to pathogenic mutation leading to SLO syndrome are 119 (p.His119Leu [Waterham et al., 1998 ]) and 138 (p.Gly138Val ) ( fig. 1 a) . In the case of the c.374A 1 G (p.Tyr125Cys) mutation, RFLP analysis of exon 5 of the DHCR7 gene was performed to exclude the possibility of being a polymorphism in the Hungarian population. The results showed that this mutation was not present in 50 healthy individuals representing 100 alleles.
As the elevated 7-DHC levels are specific for SLO [Porter, 2008] and can distinguish between SLO and the 2 similar rare disorders of cholesterol biosynthesis, lathosterolosis [Brunetti-Pierri et al., 2002] and desmosterolosis [Andersson et al., 2002] , the diagnosis that was based on the clinical symptoms and the measurement of serum 7-DHC could be established in patient 13. In this unique case, a 3-tier molecular genetic analysis approach was used. First-tier analysis that involved sequencing of the coding exons revealed 1 previously described pathogenic mutation in a heterozygous form, namely c.452G 1 A (p.Trp151 * ). In the second tier of molecular testing, sequence analysis of the non-coding exons and the putative promoter as well as the 3 untranslated region (462 nucleotides downstream from the last codon) of the gene was performed. This analysis did not reveal any potentially responsible genetic alteration. Next, cDNA sequencing was performed in the patient's sample. This analysis led to the following conclusions: first, no other mutation that affects the coding sequence could be detected which suggests that rather mRNA quantity than quality might be affected by the other, unidentified alteration. Second, the analysis of the DNA and the RNA level confirmed the presence of nonsense-mediated mRNA decay (NMD) as the mRNA derived from blood leukocytes lacks the p. Trp151 * allele as judged by the sequencing ( fig. 1 b) . NMD affecting the nonsense mutations in the DHCR7 gene has been shown before . The fact that this patient's phenotype lies at the upper end of the extremely wide clinical spectrum of SLO syndrome makes these findings even more puzzling. It is known from the literature that in some SLO cases only 1 mutation can be found and sequence analysis of all exons and all exon-intron boundaries detects about 96% of all mutations [Witsch-Baumgartner et al., 2001a] . Porter [2008] suggests that, at least in some of those cases, the second allele is not expressed. What we found is somewhat different as, according to the NMD, the other, nonnonsense allele is the only that is expressed, at least in the blood leukocytes. We cannot exclude the possibility of a mutation present in some uncharacterized distant or deep intronic regulatory motifs that might modulate (i.e. decrease but not completely abolish) the expression level of the DHCR7 protein. The presence of another, tissuespecific promoter at the more important synthesis site(s) cannot be excluded either. This speculation, however, cannot explain the strikingly different phenotype that was observed in the sister of the patient (although biochemical and genetic tests were not performed in that case). In the case of SLO syndrome, the development of a sensitive assay system that is capable to measure the activity of DHCR7, similarly to the one that had been used before [Shefer et al., 1995] rather to quantitate its substrate, would be of great importance and might give answer for the obvious question: how can the clinical spectrum be so wide? We believe that from the genetic point of view the wide range of symptoms in addition to the possible genetic modifiers [Witsch-Baumgartner et al., 2004] might be attributed to the enzyme activity, i.e. 2 null alleles are often associated with spontaneous abortion or very severe phenotype [Witsch-Baumgartner et al., 2000] and some residual activity is needed to survive the prenatal period.
Before this study, only 1 report of an SLO patient from Hungary was published [Szabó et al., 2009] .
Mutations that cause SLO syndrome show an interesting geographical prevalence rate ( table 2 ). The literally most common c.964-1G 1 C mutation that is probably of British origin [Witsch-Baumgartner et al., 2001b] and frequently detected in the Mediterraneum [WitschBaumgartner et al., 2005] but almost absent in patients of Slavic ethnicity [Kozák et al., 2000; Witsch-Baumgartner et al. 2001b ] was found to be the second most frequent in our data set, being present in 4 alleles. On the other hand, 6 p.Trp151 * alleles were identified in our patients. This [Witsch-Baumgartner et al., 2001b] shows a very similar distribution pattern. It was detected in 3 disease-causing alleles and, together with the p.Trp151 * and c.964-1G 1 C were responsible for the 54% of unrelated pathogenic mutations in Hungary. These data show that the allelic heterogeneity is significantly different in Europe, similarly to other monogenic diseases [Dörk et al., 2000; Ivady et al., 2011] . Testing for 7 DHCR7 mutations would result in 59% detection sensitivity in Great Britain while this would be enough to reach 83% in Poland and Spain or even 100% in the case of Czech and Slovak patients. Hungarian mutation frequency distribution lies between the abovementioned data as testing for 5 mutations results in a detection sensitivity of 71%, which is very similar to Austria and Germany, where testing for 6 mutations results in 68% mutation detection sensitivity. In all but 1 family, the pathogenic combinations were either nonsense-missense, missense-missense or splicing (c.964-1G 1 C)-missense mutations, which means that a residual enzyme activity cannot be excluded. In the only case where 2 proven null alleles were present (c.964-1G 1 C), the first affected child died at the first day after delivery and the second and third pregnancies ended in spontaneous abortions at week 7 and 14 of the pregnancy, respectively. Molecular analysis of the second fetus had not been performed, but in the case of the other 2, homozygosity for the c.964-1G 1 C mutation could be confirmed. Taken together, our results support the previous findings that the presence of 2 severe null alleles -with very few exceptions -is likely to be incompatible with life and the phenotype of the affected children depends on the genetic basis, the presence of modifiers and the environmental situation (for example vitamin intake).
